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Abstract—In a position sensorless permanent magnet syn-
chronous motor (PMSM) drive system, parameter mismatch will
introduce estimation error in the stator flux and rotor position
information. A novel flux observer based on an enhanced second-
order generalized integrator (SOGI) with a limit cycle oscillator
is proposed to improve the robustness of sensorless PMSM drives.
Based on the SOGI structure, the proposed method constructs a
nonlinear oscillator with a self-excited oscillation function that can
maintain the flux trajectory oscillation even in the absence of the
input stator electromotive force. The enhanced observer can con-
verge the stator flux trajectory to its expected state under external
disturbances and reduce position estimation error. Moreover, the
proposed limit cycle oscillator can improve the harmonic suppres-
sion ability of the SOGI-based flux observer. The convergence and
robustness of the enhanced observer are both investigated, demon-
strating that the proposed method can improve the performance
of the flux observer. The effectiveness of this method is verified by
experiments on a 2.2-kW PMSM drive platform.

Index Terms—Flux observer, nonlinear oscillator, permanent
magnet synchronous motor (PMSM), second-order generalized
integrator (SOGI), sensorless control.

I. INTRODUCTION

P ERMANENT magnet synchronous motor (PMSM) has
been widely used in industrial applications and other fields

due to the advantages of high efficiency and power density
[1], [2], [3], [4]. In order to enhance the robustness, the po-
sition sensorless control algorithms have been widely studied.
Generally, the rotor position and speed estimation accuracy of
sensorless PMSM drives are affected by various nonideal factors
(especially the motor parameter mismatch), thereby reducing the
control performance of the drive system. Therefore, the research
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on position sensorless control algorithms with lower estimation
error and stronger disturbance suppression ability has been a
research hotspot in recent years [5], [6], [7], [8].

There are mainly two types of sensorless algorithms for
PMSM drives according to whether additional signals are in-
jected: the high-frequency (HF) injection methods [9] and the
model-based methods [10]. In general, HF methods are used for
position estimation at zero and low-speed operation regions, but
the injected HF signal introduces additional power loss, torque
ripple, and HF noise. Model-based methods mainly obtain the
rotor position information by observing motor back-EMF or
magnetic flux, which are used for medium and high-speed
operation regions. The back electromotive force (EMF) model-
based methods have the advantages of simple structure and
easy implementation, mainly including sliding-mode observers
[11], Luenberger observers [12], and extended Kalman filter
observers [13]. In the presence of noise introduced by inverter
nonlinearity, parameter mismatch, and sampling errors in the
drive system, the signal-to-noise ratio of the back-EMF signal
decreases. Then the position estimation error is produced, which
affects the control performance of sensorless PMSM drives [14],
[15].

The rotor position information can also be obtained by ob-
serving the rotor flux, which is aligned with the direction of the
permanent magnet pole. The rotor flux changes relatively small
with different working conditions and this method has good
estimation performance over a wider speed operation range [16].
Since the flux information is usually obtained by integrating the
EMF, the initial value setting and the dc bias of EMF can cause
saturation of the integrator. To solve this issue, a high-pass filter
(HPF) was adopted before the integrator to filter out the dc bias
[17]. The combination of HPF and pure integral in series can
be modified as a first-order low-pass filter (LPF). However, the
adopted filter causes the amplitude attenuation and phase shift
of the estimated rotor flux, leading to an estimation error in the
rotor position. In [18], the estimated rotor flux error was directly
compensated based on the frequency characteristic of the LPF. In
[19], a compensation strategy based on the linear extended state
observer in the estimated synchronous rotating reference frame
was proposed to deal with the dc bias. A disturbance observer
can be adopted to eliminate the dc bias [20] but increases the
complexity of the flux observer.
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The second-order generalized integrator (SOGI) has been
a popular method due to the higher flexibility. Recently, re-
searchers introduced the SOGI into the PMSM flux observer,
replacing the first-order integrator [21]. The SOGI frequency
locked loop (SOGI-FLL) was proposed in [22], which achieves
adaptive tracking of the center frequency. In [23], a PMSM
position observer based on SOGI was proposed. The theoretical
analysis proved that the SOGI can eliminate the dc and the
harmonic components in the estimated rotor flux. A third-order
generalized integrator (TOGI) was proposed in [24], which can
further enhance the suppression ability for the dc bias and
the harmonic of flux observer. In [25], a cascaded SOGI that
observes and suppresses the 5th and 7th harmonic introduced by
the dead zone separately was proposed. As a whole, the SOGI-
based methods can suppress the dc bias and the harmonic in the
estimated rotor flux. However, the SOGI-based flux observers
rarely consider the position estimation error caused by parameter
mismatch. Additionally, compared with the linear oscillator, the
nonlinear oscillator of the SOGI can enhance the robustness of
the flux observer for sensorless PMSM drives.

This article proposes a flux observer based on an enhanced
SOGI with a limit cycle oscillator (SOGI-LCO), aiming to
improve the robustness of the model-based sensorless PMSM
drive. By analyzing the disturbance caused by motor parameter
mismatch, the proposed method introduces a nonlinear oscillator
structure and restricts the rotating trajectory of the stator flux in
an ideal state. The LCO with self-excited oscillation function can
suppress the disturbance caused by motor parameter mismatch
and reduce position estimation error. Based on the analysis of
convergence, the parameter tuning of the proposed method is
investigated. Moreover, the LCO structure can further optimize
the suppression capability of SOGI algorithm for harmonic
components, which enhances the robustness of the PMSM flux
observer. The effectiveness of the proposed method is verified
by experiments on a 2.2-kW PMSM platform.

II. LIMITATION OF SOGI-BASED PMSM FLUX OBSERVER

A. Flux Observer Based on SOGI

The voltage equation in the rotary reference frames (d–q axes)
of PMSM can be expressed as[

usd
usq

]
=

[
Rs + pLd −ωeLq

ωeLd Rs + pLq

] [
isd
isq

]
+

[
0
ωeψm

]
(1)

where usd, usq, isd, and isq are the d–q axes stator voltages and
currents, respectively, Ld and Lq are the d–q axes inductances,
Rs is the stator resistance, ωe is the electrical speed, ψm is the
flux of the permanent magnet, and p is the differential operator.

According to [26], the active flux can be defined as ψa =
isd(Ld-Lq)+ψm. Substituting the active flux ψa into (1) and
transforming to the stationary reference frames (α−β axes), the
active flux of PMSM can be expressed as[

ψaα

ψaβ

]
=

∫ ([
usα
usβ

]
−
[
Rs 0
0 Rs

] [
isα
isβ

])

dt−
[
Lqisα
Lqisβ

]
(2)

Fig. 1. Block diagrams of the conventional SOGI-based flux observer.

θe = arctan

(
ψaβ

ψaα

)
(3)

where usα, usβ , isα, isβ , ψaα, and ψaβ are the α−β axes sta-
tor voltages, currents, and active fluxes, respectively, θe is the
electrical angle. As the direction of ψm and isd are aligned, the
direction of active flux is consistent with the d-axis. Then the
rotor position can be obtained by observing the active flux.

It can be seen from (2) that the initial value setting of the
integrator and the dc bias introduced by sampling error produce
disturbances to the estimated active flux due to the use of first-
order integrator. According to [21], an SOGI-based flux observer
for sensorless PMSM drive has been adopted to address the
issue, as shown in Fig. 1. Taking the α-axis as an example, the
closed-loop transfer functions of SOGI-FLL between the stator
EMF esα and the filtering signal e′sα, the quadrature signal qe′sα
can be expressed as

D(s) =
e′sα(s)
esα(s)

=
kω̂ns

s2 + kω̂ns+ ω̂2
n

(4)

Q(s) =
qe′sα(s)
esα(s)

=
kω̂2

n

s2 + kω̂ns+ ω̂2
n

(5)

where the superscript “^” denotes the estimated value, ω̂nis the
estimated center frequency, k is the error gain, D(s) and Q(s) are
the transfer functions of the filtering section and the integration
section, respectively.

The stator flux ψsα can be obtained as ψsα=qe
′
sα/ω̂n. The

active flux ψaα is related to the ψsα, which in turn affects the
position estimation accuracy. Based on the phase relationship
between the signal error ε and the quadrature signal qe′sα,
the frequency-locked loop is designed. The FLL achieves the
adaptive tracking of ω̂n, enabling the algorithm to output the
ideal filtering and integration result.

Assuming that the center frequency of the FLL is consistent
with the fundamental frequency of the stator EMF. Combined
with (4), the estimated α-axis stator flux ψ̂sα can be obtained as

ψ̂sα(t) = L−1
[
ψ̂sα(s)

]
= L−1

[
1

ω1
·Q(s) · esα(s)

]

=
esα0k

ω1
+
esα1

ω1
sin

(
ω1t+ ϕ1 − π

2

)

+

∞∑
i=2

[(
1− a2i

)2
k2a2i

+ 1

]− 1
2
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· esαi

ωi
sin

[
ωit+ ϕi − π

2
+ tan−1

(
ω2
1 − ω2

i

ω1ωii

)]
(6)

where L−1() represents the inverse Laplace transform, esα0,
esα1, and esαi represent the dc, the fundamental, and the ith
(i= 2, 3, 4. . .) harmonic components of esα, respectively.ω1 and
ωi represent the rotating angular velocities of the fundamental
and the ith harmonic components of esα, respectively. ϕ1 and
ϕi represent the phase values of the fundamental and the ith
harmonic components of esα, respectively. ai = ωi/ω1 is the
ratio of the harmonic frequency to the fundamental frequency.

It can be seen from (6) that the SOGI can integrate the
fundamental component of the stator EMF without introducing
additional phase lag or amplitude attenuation. Also, this method
has a certain suppression effect on dc bias and harmonic distor-
tion.

B. Disturbance Analysis of Parameter Mismatch

In the drive system, disturbances can cause perturbations in
the input signals of the SOGI. Considering the influence of motor
parameter mismatch, the impact of the disturbance on the flux
observer is analyzed below.

According to the active flux shown in (2), the parameters such
as Rs and Lq are needed in the observer. Considering the effect
of motor parameter mismatch, the actual stator resistance and
q-axis inductance can be represented as{

R′
s = Rs +ΔRs

L′
q=Lq +ΔLq

(7)

where R′
s, L′

q, ΔRs, and ΔLqrepresent the error value and
actual value of the stator resistance and q-axis inductance,
respectively.

According to [27], considering the closed-loop flux observer
shown in Fig. 1, the estimation error of the stator flux is corrected
in real time by the feedback gain K. The estimation error of EMF
caused by parameter mismatch can be expressed as

êsα = esα1 sin(ω1t+ ϕ1)

= esα − (ΔRs + jω1ΔLq) isα (8)

where j is the imaginary unit. It can be seen from (8) that param-
eter mismatch introduces an additional fundamental component
disturbance in the estimation of stator EMF, which results in the
rotor position error.

The control rate of the oscillator part of SOGI can be expressed
as {

˙̂esα = −ω1qê
′
sα

q ˙̂e′sα = ω1ê
′
sα

. (9)

As shown in (8), under the condition that the additional
impedance appears in the estimation of the stator EMF, the math
solution to (9) is{

ê′sα(t) = (esα1 +Δesα1) sin(ω1t1)

qê′sα(t) = − (esα1 +Δesα1) cos(ω1t)
. (10)

Fig. 2. Trajectory diagram of stator EMF with the SOGI method.

It can be seen from (10), the linear oscillator structure in SOGI
is difficult to suppress the disturbance caused by the parameter
mismatch. The trajectory of the stator EMF es in the stationary
reference frames is circular in most cases. Based on (10), in
the presence of disturbances Δes1 and Δes2, the es moving
trajectory adopting SOGI method is shown in Fig. 2.

It can be seen that the SOGI cannot ensure that the estimated
variable converges to an unchanged state when there is a funda-
mental component disturbance in the input signal. Therefore, the
SOGI-based PMSM flux observer has unsatisfactory robustness
to motor parameter mismatch.

III. PROPOSED FLUX OBSERVER BASED ON SOGI-LCO

A. Principle of the Proposed Flux Observer

If a constraint is imposed on the estimated stator EMF tra-
jectory in Fig. 2 with the direction of its rotation, the stator
flux trajectory will converge to the expected state. Then the
disturbance caused by parameter mismatch can be suppressed.
In order to improve the disturbance suppression ability of SOGI
for the fundamental component of input disturbance caused by
motor parameter mismatch, a flux observer based on SOGI-LCO
for sensorless PMSM drive is proposed, as shown in Fig. 3. In the
two-dimensional (2-D) nonlinear systems, there is a limit cycle
system that simulates self-sustaining spontaneous phenomena
of self-excited oscillations. The system can maintain oscillation
even in the absence of external surrounding forcing. The LCO
can converge to its set closed trajectory under any external
disturbances and has good disturbance rejection performance
[28].

The LCO is capable of maintaining the stable periodic motion
of the stator EMF trajectory, without being affected by the
disturbance caused by parameter mismatch. Taking the α-axis
as an example, the equation for LCO is⎧⎨

⎩
ṙ = −r(r2 −A2

0)
r = esα
θ̇ = ω̂n

(11)

where r is the oscillation radius of esα, θ is the rotation angle,
and A0 is the convergence radius.

Based on the first formula in (11), Fig. 4 shows the charac-
teristic curve of the oscillator in the coordinate frame with the
esα as the abscissa and ėsα as the ordinate. It can be seen that
the oscillator has three equilibrium states: the equilibrium point
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Fig. 3. Proposed flux observer based on SOGI-LCO for sensorless PMSM drive.

Fig. 4. Characteristic curve of LCO.

when esα = 0, the equilibrium rotating closed trajectory esα =
-A0 when esα is in Regions I and II, and the equilibrium rotating
closed trajectory esα = A0 when esα is in Regions III and IV.
All other unstable states will converge to the equilibrium states.

By substituting the transformation relationship of the con-
troller output signal as e′sα= esαcosθ and qe′sα= esαsinθ into
(11), the control law of the oscillator can be obtained as⎧⎪⎪⎨

⎪⎪⎩
ė′sα = −ω̂nqe

′
sα − e′sα(e′2sα + qe′2sα −A2

0)

qė′sα = ω̂ne
′
sα

ψsα=qe
′
sα/ω̂n

. (12)

In combination with the SOGI algorithm, the control law of
the proposed method can be represented as⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

se′sα= ω̂n [εk (esα−e′sα)− 1qe′sα]−e′sα(e′2sα+qe′2sα−A2
0)

sω̂n = −Γεqe′sα · kω̂n

e′2sα+qe′2sα

qė′sα = ω̂ne
′
sα

ψsα=qe
′
sα/ω̂n

(13)

where Γ is the gain of FLL, and ε is the error signal.

B. Convergence Analysis and Parameter Design

Based on the previous analysis, the convergence of the three
equilibrium states of the oscillator is analyzed below.

1) Equilibrium Point at esα = 0: The equilibrium point has
e′sα= 0 and qe′sα= 0. The state equation can be expressed as[

ė′sα
qė′sα

]
=

[
A2

0 −ω̂n

ω̂n 0

]
·
[
e′sα
qe′sα

]
. (14)

According to (14), the characteristic values λ1 and λ2 can be
obtained as

λ1,2=

∣∣∣∣λI −
[
A2

0 −ω̂n

ω̂n 0

]∣∣∣∣ = A2
0 ±

√
A4

0 − 4ω̂2
n

2
. (15)

It can be seen from (15) that the real part of the characteristic
values is always positive. The oscillator diverges at esα = 0.

2) Equilibrium Trajectory at esα =±A0: Adopting the form
of the Lyapunov function can only prove that the observer
converges to a certain point. It is impossible to prove that the
observer converges to a closed trajectory. Differentiating (11)
and transforming it into the form of the Liénard equation:

ësα +
(
3e2sα −A2

0

)
ėsα=0 (16)

where f(esα) = 3e2sα −A2
0 is the damping function.

According to the Liénard theorem.
a) esα, f(esα) are continuously differentiable.
b) ∀esα ∈ R, f (-esα) = f (esα).
c) Construct a function F(x) where

F (x) =

∫ x

0

f(esα)desα = x3 −A2
0x. (17)

It can be seen from (17) that F(x)<0 when 0<x<A0. When
x>A0, F(x)>0 and F(x) is nondecreasing. Also, there exists
lim

x→+∞F (x) = +∞.
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Fig. 5. Trajectory diagram of stator EMF with the proposed method.

According to criteria a, b, and c, it can be proved that the
oscillator has a unique stable limit cycle around the origin in the
phase plane. Since esα = -A0 has no practical meaning in the
polar coordinate plane, the oscillator converges to the trajectory
of esα = A0.

The vector relationship of the proposed algorithm is shown
in Fig. 5. By adopting the proposed method, the errors caused
by parameter mismatch in the stator flux can be limited to the
expected trajectory, which can improve the robustness of the
sensorless PMSM drive.

In order to compare the suppression capabilities of the pro-
posed algorithm and the traditional SOGI algorithm for har-
monic components, it is necessary to construct the transfer
function of the proposed method. Rearranging (13), the result
can be obtained as

kω̂nesα =

(
kω̂n +A2

0 + s+
ω̂2
n

s

)
e′sα −

(
1 +

ω̂2
n

s2

)
e′3sα.

(18)
Using e′3sα = 3e′2sα0e

′
sα to locally linearize (18), the closed-

loop transfer functions between the stator EMF esα and the
filtering signal e′sα, the quadrature signal qe′sα can be expressed
as

D(s) =
e′sα(s)
esα(s)

=
kω̂ns2

s3 + (kω̂n +A2
0 − 3e2sα0) s

′2 + ω̂2
ns− 3ω̂2

ne
′2
sα0

,

(19)

Q(s) =
qe′sα(s)
esα(s)

=
kω̂2

ns

s3 + (kω̂n +A2
0 − 3e′2sα0) s2 + ω̂2

ns− 3ω̂2
ne

′2
sα0

(20)

where e′sα0 is the DC component of e′sα.
According to (4) and (19), the frequency response characteris-

tics of the traditional SOGI and the proposed method are shown
in Fig. 6. Based on the experimental drive system, the center
frequency is set to 60π rad/s, k is set to 1.414, and A0 is set to 1.
It can be seen from Fig. 6 that the proposed method has better
suppression capabilities for the dc bias and harmonics than the
traditional SOGI method.

Fig. 6. Bode diagrams of the SOGI and the proposed method.

Fig. 7. Matched curves of k at different speeds.

Setting the denominator polynomial of (19) to 0 and ignoring
the dc component introduced by the linearization process, the
system characteristic equation can be obtained as

{
s2 +

(
kωn +A2

0

)
s+ ω2

n=0

k =
2ζωn−A2

0

ωn

(21)

where ζ is the damping coefficient. Based on (21), the theo-
retical design curves of k under different speeds and damping
ratios can be shown in Fig. 7. In order to ensure the algorithm
has satisfactory dynamic performance, the damping coefficient
should be set near the critical damping area (ζ = 1).

According to (13), the frequency error signal εf can be ex-
pressed as

εf=ω̂nψsα (esα − e′sα)=
ψ2
sα

k

(
ω̂2
n − ω2

n

)
. (22)

In the steady state, (ω̂2
n − ω2

n) can be approximately equiv-
alent to 2ω̂n(ω̂n − ωn). The dynamic tracking performance of
the FLL can be expressed as

˙̂ωn=− Γεf ≈ −2
Γ

k
ψ2
sαω̂n (ω̂n − ωn) . (23)

Substituting (6) into (23), and ignoring the fluctuation fre-
quency component, (24) can be obtained as

˙̂ωn = −Γe2sα1
kω̂n

(ω̂n − ωn) . (24)



WANG et al.: FLUX OBSERVER BASED ON ENHANCED SOGI WITH LIMIT CYCLE OSCILLATOR FOR SENSORLESS PMSM DRIVES 15987

According to (24), the FLL can be simplified into a first-order
feedback system: {

GFLL(s) =
Γ

s+Γ

knor=
kω̂n

e2sα1
= kω̂n

e′2sα+qe′2sα

(25)

where GFLL(s) and knor are the transfer function and the nor-
malized gain coefficient of FLL, respectively.

The theoretical value of the FLL gain coefficient can be
obtained by designing the FLL time constant tsFLL

Γ =
5

tsFLL
. (26)

C. Analysis of Disturbance Suppression Capability

The disturbance components of each frequency of the stator
EMF are equivalent to the polar coordinate frame (x–y axes) as{
esα_x=esα0 cos θesα0+esα1 cos θesα1 +

∑∞
i=2 esαi cos θesαi

esα_y=esα0 sin θesα0+esα1 sin θesα1 +
∑∞

i=2 esαi cos θesαi
(27)

where esα˙x and esα˙y are the x-axis and y-axis components of the
stator EMF, respectively. θesα0, θesα1, and θesαi are the angular
coordinates of the dc, the fundamental, and the ith harmonic
components of the stator EMF, respectively. It should be noted
that the dc component esα0 is a point in the polar coordinate
system. So, in (27), esα0 and θesα0 are constants. The derivatives
with respect to time and length are both 0.

For the dc component, the relationship is{
esα0_x = esα0 cos θesα0, esα0_y = esα0 sin θesα0
ėsα0 = θ̇esα0 = 0, ėsα0_x = 0, ėsα0_x = 0

(28)

where esα0˙x and esα0˙y are the x-axis and y-axis components of
the dc disturbance of the stator EMF, respectively. Substituting
(28) into (13), the results can be obtained as{

0 = −ω1esα0 sin θesα0 − esα0 cos θesα0
(
e2sα0 −A2

0

)
0 = ω1esα0 cos θesα0

.

(29)
The solution esα0 = 0 of (29) can be expressed as the dc

harmonic component of the stator EMF approaches to 0 in the
steady state. That is, the proposed algorithm has a preferable
suppression effect on the dc bias theoretically.

For the HF disturbance component of the stator EMF, the
relationship can be expressed as⎧⎪⎨
⎪⎩
esαh_x =

∑∞
i=2 esαi cos θesαi, esαh_y =

∑∞
i=2 esαi sin θesαi

ėsαh_x =
∑∞

i=2 ėsαi cos θesαi −
∑∞

i=2 ωiesαi sin θesαi

ėsαh_y =
∑∞

i=2 ėsαi sin θesαi +
∑∞

i=2 ωiesαi cos θesαi
(30)

where esαh˙x and esαh˙y are the sum of the x-axis and the y-axis
HF disturbance components of the stator EMF, respectively.

Substituting (30) into (13), the following can be obtained:{∑∞
i=2 ėsαi=

∑∞
i=2 esαi

[
(ωi−ω1) tan θesαi−

(
r2esαi −A2

0

)]
∑∞

i=2 ėsαi =
∑∞

i=2 esαi (ω1 − ωi) tan
−1θesαi

.

(31)

It can be seen from (31), there contains two dimensions:
the radius dimension and the angle dimension of the harmonic
components. Two dimensions are independent of each other. In
order to analyze the convergence characteristics of the harmonic
components radius dimension, combined with the first formula
of (31), and integrated the angle over one limit cycle period, (32)
can be obtained as∫ 2π

0

∞∑
i=2

ėsαidθesαi

=

∫ 2π

0

∞∑
i=2

esαi
[
(ωi − ω1) tan θesαi −

(
e2sαi −A2

0

)]
dθesαi.

(32)

Simplifying (32), the convergence of the proposed algorithm
to the radius of harmonic components can be obtained as

∞∑
i=2

ėsαi = −
∞∑
i=2

esαi
(
e2sαi −A2

0

)
. (33)

For the ith (i = 2, 3, 4. . .) harmonic, differentiating (33) and
transforming it into the form of the Liénard equation:

ësαi +
(
3e2sαi −A2

0

)
ėsαi = 0 (34)

where f(esαi) = 3e2sαi −A2
0 is the damping function.

According to the Liénard theorem.
a) esαi and f(esαi) are continuously differentiable.
b) ∀esαi ∈ R, f (-esαi) = f (esαi).
c) Construct a function F(x) where

F (x) =

∫ x

0

f(esαi)desαi = x3 −A2
0x. (35)

It can be seen from (35) that F(x)<0 when 0<x<A0. When
x>A0, F(x)>0 and F(x) is nondecreasing. Also, there exists
lim

x→+∞F (x) = +∞.

According to criteria a, b, and c, it can be proved that the
oscillator has a unique stable limit cycle around the origin in the
phase plane. Since esαi = -A0 has no practical meaning in the
polar coordinate plane, the oscillator converges to the trajectory
of esαi = A0. Substituting esαi = A0 into the second formula of
(31), the results can be obtained as

∞∑
i=2

ėsαi = A0

∞∑
i=2

(ω1 − ωi) tan
−1θesαi. (36)

According to (36), Fig. 8 shows the convergence pattern of
esαi. Since ωi is i(i = 23,4. . .) times the frequency of ω1, esαi
will eventually converge to esαi =A0 trajectory and the proposed
method has the effect of suppressing harmonic disturbances in
theory.

Summarizing the above analysis, the proposed method im-
proves the ability of the flux observer to suppress the dc bias
and the harmonics. Table I summarizes the comparison of the
antidisturbance ability of the proposed method and the SOGI
method.

Fig. 9 shows the comparison between the SOGI and the
proposed method on the harmonic suppression ability. It can
be seen that the harmonic suppression ability of the SOGI
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TABLE I
COMPARISON OF ANTIDISTURBANCE PERFORMANCE OF THE TWO METHODS

Fig. 8. Convergence pattern of ith stator EMF.

Fig. 9. Comparison of harmonic suppression ability between the SOGI and
the proposed method.

method is affected by the k and the harmonic frequency. Near the
fundamental frequency, the harmonic suppression ability of the
proposed method is obviously better than that of SOGI method.

D. Analysis of Stability and Performance Comparison

According to Fig. 3, the simplified model of the proposed flux
observer in the frequency domain is shown in Fig. 10.

The closed-loop transfer function of SOGI-LCO between the
estimated stator EMF êsα and the filtered output signal ψ̂sαcan

Fig. 10. Simplified block diagram of the proposed flux observer.

be expressed as

GSOGI_LCO(s) =
ψ̂sα(s)

êsα(s)

=
kω̂ns

s3 + (kω̂n +A2
0 − 3e′2sα0) s2 + ω̂2

ns− 3ω̂2
ne

′2
sα0

. (37)

Then, the system closed-loop transfer function Gfluxob(s) in
the frequency domain can be expressed as (38) shown at the
bottom of this page, where GPI(s) is the transfer function of PI
controller in the feedback loop, kp and ki are the proportional
and integral coefficients of PI controller, respectively.

In order to analyze the stability of the proposed flux observer,
the pole-zero diagram can be obtained according to (38), as
shown in Fig. 11. Based on the experimental drive system, the
center frequency ω̂n is set to 60π rad/s, k is set to 1.414, and A0 is
set to 1. As can be seen from Fig. 11, the poles of the closed-loop
transfer function lie on the left half of the s-plane, which can
verify the stability of the proposed flux observer. As kp and ki
increase, the poles gradually move away from zero. Moreover,
considering the effect of observer bandwidth, the selections of
kp and ki should not be too large.

Gfluxob(s) =
GSOGI_LCO(s)

1 +GSOGI_LCO(s)GPI(s)
êsα(s)− 1

1 +GSOGI_LCO(s)GPI(s)
ψ̂sα(s)

=
kω̂ns

s3 + (kω̂n +A2
0 − 3e′2sα0) s2 + (ω̂2

n + kkpω̂n) s− 3ω̂2
ne

′2
sα0 + kkiω̂n

êsα(s)

− s3 +
(
kω̂n +A2

0 − 3e′2sα0
)
s2 + ω̂2

ns− 3ω̂2
ne

′2
sα0

s3 + (kω̂n +A2
0 − 3e′2sα0) s2 + (ω̂2

n + kkpω̂n) s− 3ω̂2
ne

′2
sα0 + kkiω̂n

ψ̂sα(s) (38)
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TABLE II
DIFFERENCE BETWEEN PROPOSED OBSERVER AND THE ADVANCED FLUX OBSERVERS

Fig. 11. Pole-zero diagram of the proposed flux observer.

To describe the difference between the proposed method
and the existing advanced flux observer [29], [30], [31] more
intuitively, a detailed comparison is listed in Table II.

Generally, the higher the order of the transfer function, the
more complex the system performance analysis, the lower the
controllability, and the more difficult the controller design. In
order to verify the dynamic performance of the proposed al-
gorithm, the step response between the input and output error
signals is plotted in Fig. 12 according to (38). It can be seen
that the selection of PI controller parameters is a key factor
affecting the dynamic performance of the flux observer. The
flux observer can be regarded as a LPF in which the harmonic
disturbances other than flux information can be filtered out. In

Fig. 12. Step response of the proposed flux observer.

order to improve the system stability, PI controller parameters
should not be chosen too large. Smaller PI controller parameters
introduce a greater effect on dynamic performance than that
introduced by raising the observer order.

IV. EXPERIMENTAL RESULTS

In order to verify the effectiveness of the proposed SOGI-LCO
method, experiments were performed on the 2.2-kW PMSM
platform shown in Fig. 13. The parameters of test PMSM are
listed in Table III. The sensorless scheme is realized by an
ARM STM32F103VCT6 chip. The PWM carrier frequency,
the switching frequency, and the sampling frequency are all set
as 6 kHz. The parameters of the proposed method are set as
k = 1.414, Γ= 1000, and A0 = 1.
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Fig. 13. Experimental platform of 2.2-kW PMSM.

TABLE III
EXPERIMENTAL PARAMETERS OF PMSM

The experimental results of estimated variables fluctuation
before and after adopting the proposed method are shown in
Fig. 14 when the motor operates at 100 r/min and 100% rated
load. It can be seen from Fig. 14(a) that the filtering effect of
the proposed method is better than that of the SOGI method.
Fig. 14(b) and (c) shows the 3-D Lissajous figures of the sta-
tor flux estimate result adopting the SOGI and the proposed
algorithm, respectively. It can be seen that both algorithms have
good filtering effects on dc bias. Fig. 14(d) and (e) shows the
Fourier analysis of stator EMF before and after the enablement
of the proposed method. Before enabling the proposed method,
the amplitude of the 5th, 7th, and 11th harmonics are 0.042,
0.024, and 0.012 p.u., respectively. Compared to the tradi-
tional SOGI method, the proposed method has a better filtering
effect on the harmonic disturbances in the stator EMF and
flux.

Fig. 15 shows the experimental results of estimated variables
fluctuation before and after adopting the proposed method in the
presence of artificially added dc bias and harmonic disturbances
in the input of the SOGI-LCO method when the motor operates
at 100 r/min and 100% rated load. It can be seen from Fig. 15(a)
that the dc bias and harmonic suppression effect are satisfied
and the fluctuation of position estimation error is reduced after
enabling the proposed algorithm. Fig. 15(b) and (c) shows the
Fourier analysis of stator EMF before and after the enablement
of the proposed method. Before enabling the proposed method,
the amplitude of the 2nd, 3rd, 4th, and 5th harmonics are 0.095,

Fig. 14. Experimental results of the proposed method. (a) Comparison of the
proposed method before and after enablement. (b) Flux estimates result with
the SOGI method. (c) Flux estimates result with the proposed method. (d) FFT
analysis of stator EMF before enablement. (e) FFT analysis of stator EMF after
enablement.

Fig. 15. Experimental results in the presence of artificially added dc bias and
harmonic disturbances. (a) Comparison of the proposed method before and after
enablement. (b) FFT analysis of stator EMF before enablement. (c) FFT analysis
of stator EMF after enablement.
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Fig. 16. Experimental results at 100 r/min operation speed under 100% rated
load, 50% rated load, and no-load conditions. (a) SOGI. (b) SOGI-LCO.

0.069, 0.067, and 0.062 p.u., respectively. Also, there are 0.2
p.u. dc bias in the input stator EMF. After enabling the proposed
method, the dc bias is eliminated and the amplitude of the 2nd,
3rd, 4th, and 5th harmonics are reduced to 0.013, 0.011, 0.012,
and 0.010 p.u., respectively. The proposed SOGI-LCO method
is experimentally verified to have good suppression ability for
the dc bias and harmonic disturbances.

Fig. 16 shows the experimental results of the speed and
position estimation errors of the sensorless control using the
SOGI and the proposed method when the motor operates at 100
r/min with load changes. As can be seen from Fig. 16(a) the
maximum rotor position estimation error using the SOGI method
is 6.5°, with a maximum fluctuation of 5.2°. In Fig. 16(b), the
maximum rotor position estimation error using the proposed
algorithm is 4.1°, and the static estimation error is close to zero.
The position estimation performance of the proposed algorithm
is better than that of the traditional method when the motor
operates at 100 r/min.

Fig. 17 shows the experimental results of the speed and
position estimation errors when the motor operates at 1000 r/min
with load changes. It can be seen from Fig. 17(a) that the maxi-
mum rotor position estimation error adopting the SOGI method
is 13.4°, with a maximum fluctuation of 5.7°. In Fig. 17(b), the
maximum rotor position estimation error adopting the proposed
method is 3.7°. Under the condition of 100% rated load, the
maximum rotor position estimation error is 2.4°. The position
estimation performance of the proposed method at a higher speed
operation region is better than that of the traditional method.

Fig. 18 shows the experimental results of the speed and
position estimation errors when the motor operates at 40 r/min
(2.7% of rated speed) with load changes. It can be seen that the
maximum rotor position estimation error adopting the proposed

Fig. 17. Experimental results at 1000 r/min operation speed under 100% rated
load, 50% rated load, and no-load conditions. (a) SOGI. (b) SOGI-LCO.

Fig. 18. Experimental results at 40 r/min operation speed under 100% rated
load, 50% rated load, and no-load conditions.

method is 5.6°. Under the condition of 100% rated load, the
maximum rotor position estimation error is 2.6°. The position es-
timation performance of the proposed method at ultra-low-speed
region meets the normal operation requirements of PMSM.

The experimental comparison results between different meth-
ods are shown in Fig. 19 when the motor operates from 100 r/min
to 1000 r/min. As can be seen from Fig. 19(a), the maximum
rotor position estimation error at 1000 r/min is 5.8° by using
the traditional SOGI method. In Fig. 19(b), the maximum rotor
position estimation error is 4.4° with the proposed SOGI-LCO
method, which has 19% reduction over the traditional method.
Compared with the traditional method, the proposed method is
more capable of suppressing the position estimation error during
system dynamics.

Fig. 20 shows the experimental results of speed and position
estimation error with the second-order SOGI-based method
[32], the TOGI-based method [24], the ROGI-based method
[33] and the proposed SOGI-LCO method under 1000 r/min



15992 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 12, DECEMBER 2023

Fig. 19. Experimental comparison results of the speed fluctuation under the
continuous speed variation conditions. (a) SOGI. (b) SOGI-LCO.

with load change condition. The coefficients, k1 and k2 of the
second-order SOGI method are set as 1.56 and 3.11, respectively.
The coefficients, k and k0 of the TOGI method are set as 1.414
and 0.25, respectively. The coefficients kr of the ROGI method
is set as 1.414. It can be seen from Fig. 20(a), (b), (c), and
(d) that the maximum rotor position estimation errors adopting
the second-order SOGI-based method, the TOGI-based method,
and the ROGI-based method are 12.9°, 13.2°, 13.4°, and 2.9°, re-
spectively. The position estimation performance of the proposed
method is better than that of the SOGI-based method.

Figs. 21 and 22 show 3-D Lissajous figure comparison of
stator EMF and flux estimation results when the motor oper-
ates at 100 r/min with a sudden 100% rated load. It can be
seen from Fig. 22 that the proposed method has an obvious
convergence effect on limiting the stator EMF and flux tra-
jectory loops, and the harmonic content in the trajectory is
lower. In contrast, when using the SOGI method, the estimation
results are more affected by the load in Fig. 21. The proposed
SOGI-LCO algorithm has a better effect on suppressing the
disturbance, which improves the robustness of the sensorless
algorithm.

Figs. 23 and 24 show comparison results of the two algo-
rithms, with 50% errors in resistance and inductance parameters,
respectively. It can be seen from Fig. 23 that, with a 50% error
in the resistance parameter, the position estimation error of
the proposed method is 2.7°. The position estimation error of
the SOGI method is 3.6° on the basis of the original 13.4°
error. In Fig. 24, with a 50% error in the inductance param-
eter, the position estimation error of the proposed algorithm
is 1.7°. The position estimation error of the SOGI method is

Fig. 20. Experimental results at 1000 r/min operation speed under 100% rated
load, 50% rated load, and no-load conditions. (a) Second-order SOGI-based
method. (b) TOGI-based method. (c) ROGI-based method. (d) Proposed SOGI-
LCO-based method.

3.7° on the basis of the original 13.4° error. Therefore, the pro-
posed method has a better parameter robustness than the SOGI
method.

The experimental comparison results of position estimation
error under different speeds (100–1000 r/min) and load condi-
tions (0–100% of rated load) are shown in Fig. 25. In Fig. 25(a),
the maximum position estimation error reaches 13.4° under
1000 r/min and 100% rated load. After adopting the proposed
algorithm, the position estimation error is effectively suppressed,
and the average error suppression rate exceeds over 60%.
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Fig. 21. 3-D Lissajous figure of estimate variables with the SOGI method. (a)
Esα and Esβ . (b) ψsα and ψsβ .

Fig. 22. 3-D Lissajous figure of estimate variables with the proposed method.
(a) Esα and Esβ . (b) ψsα and ψsβ .

Fig. 23. Experimental results when resistance change 50%. (a) SOGI.
(b) SOGI-LCO.

Fig. 24. Experimental results when inductance changes 50%. (a) SOGI.
(b) SOGI-LCO.

Fig. 25. Experimental comparison results of position estimation error under
different speed and load conditions. (a) SOGI. (b) SOGI-LCO.

VI. CONCLUSION

An SOGI-LCO-based flux observer for sensorless PMSM
drive has been proposed in this article, and its convergence and
disturbance suppression effect are analyzed. With the advantage
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of LCO, the estimated stator flux can converge to its set closed
trajectory motion under external disturbances. Compared with
the traditional position observation method based on SOGI,
the proposed method has a better suppression ability for the
position estimation error caused by parameter mismatch due
to the self-excited oscillation function. The LCO structure can
further optimize the suppression capability of the SOGI al-
gorithm for harmonic components. Furthermore, the proposed
method can enhance the harmonic suppress ability of SOGI,
which improves the robustness of the model-based sensorless
algorithms. Experimental results on the PMSM drive system
verify the effectiveness of the proposed method.
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